Objective To determine whether the size of the birthmark in patients with Sturge-Weber syndrome (SWS) who have brain involvement can help predict neurologic disability.
approved by the institutional review board. The inclusion criteria were diagnosis of SWS, with presence of a facial PWB, and SWS brain involvement on brain magnetic resonance imaging (MRI). For this retrospective study, neurologic scores were assigned prospectively at the time of each subject's visit. However, the skin scores and MRI scores were assigned retrospectively to images previously obtained.
Conventional magnetic resonance sequences including T1, T2, fluid-attenuated inversion recovery, and postgadolinium contrast T1 and fluid-attenuated inversion recovery images were evaluated. The MRI of each patient was rated by a single rater, a neuroradiologist blinded to the size of PWB and the degree of clinical severity of each patient. In the case of patients who had multiple MRI images available, the MRI rated was the one obtained at the time closest to the time the neurologic score was obtained. The scoring system was modified from a previously published system. 7 Scores from 1 to 4 were assigned to each of the 4 brain regions (frontal, temporal, parietal, and occipital) for each hemisphere individually, where 1 signified no asymmetry, 2 mild asymmetry (angiomatosis only), 3 moderate asymmetry (angiomatosis and mild atrophy), and 4 severe asymmetry (angiomatosis and severe atrophy). The total score was then determined for each hemisphere, ranging from 4 to 16.
The neurologic severity of the syndrome in each patient was evaluated by a single rater, a pediatric neurologist, who assigned ratings prospectively after carefully evaluating neurologic function of the patients during their regular care or study visits utilizing a previously published system. 8 The degree of visual field cut, hemiparesis, seizure frequency, and cognitive function (differently for each age group: infant/preschooler, child, and adult) was rated as shown in the Table (available at www.jpeds.com). The individual scores were then summed, with the total score ranging from 0 to 15. In the case of patients for whom multiple scores were available from neurology visits at different time points, the score from the visit closest to the time of the MRI was used.
Photographs showing patients' faces were obtained from their families. We asked families to provide photographs showing both sides of the face, as well as a full-frontal photograph. For the majority of our subjects, we were able to obtain all of these; however, we were able to obtain only full frontal photographs for some of the patients (n = 10). The photographs reflected the original size of their facial PWB in the case of patients who underwent laser treatments, with the majority of patients' photographs dating from infancy. Three independent raters scored each patient's photo using both the traditional facial PWB classification system using the trigeminal nerve distribution (3 raters), shown in Figure 1 , A, as well as the recently published embryonic facial vasculature distribution (3 raters), 2 shown in Figure 1 , B. The photographs were scored using the 2 different systems on 2 separate occasions, with the raters blinded to the other scores, and to the results of the MRI and neurologic scores. For each territory (trigeminal dermatome or embryonic placode), the fraction of the area involving the PWB was visually approximated and scored from 0 to 4, assigning 0 to areas with no involvement, 1 to 1%-25% of a particular surface area involved, 2 to 26%-50% involvement, 3 to 51%-75% involvement, and 4 to 76%-100% involvement. The individual areas' scores were either considered individually (V1 and placode 1) or summed to yield total facial (ranging from 0 to 24) and hemifacial (ranging from 0 to 12) scores. Scalp involvement was not evaluated, as the majority of photographs did not provide the opportunity to do so.
Statistical Analyses
Stata/IC 14.0 (STATA College Station, Texas) and IBM SPSS Statistics 23.0 (SPSS, Armonk, New York) were used for statistical analysis. The skin scores from the 3 raters were averaged, and inter-rater reliability was evaluated using Cohen kappa. The correlation between MRI scores and skin scores was calculated via Spearman correlation. Linear regression was applied to determine the correlation between skin scores (independent variable) and neurologic scores. The association between better or worse neurologic scores and skin scores was tested using Fisher exact test; because neurologic status tends to stabilize after 4-5 years of age, only patients age 6 years and older at the time of their neurologic evaluation were included in that analysis (n = 21). Skin scores were classified into 2 categories: (1) <12 and (2) ≥12. Clinical severity scores were classified into (1) <4 and (2) ≥4, a cut-score previously shown to discriminate impaired and unimpaired individuals with regard to both intellectual and adaptive functioning. 9 We used hierarchical multiple regression to determine the effect of using size of PWB as a predictor of neurologic outcome in addition to the degree of brain involvement obtained from evaluation of the MRI. The first model used MRI score as the independent variable and neurologic severity score as the dependent variable. The second model used both MRI score and total skin score as independent variables and neurologic severity score as the dependent variable. These were computed only for patients whose neurologic function was evaluated at age 6 years and beyond. The difference in the R-squared value in the 2 models was then calculated.
Results
Photographs of patients were collected in July 2014, at which time the Center's research database of study patients in- cluded 243 patients with signed consents. Of the 243 patients, 123 families or patients signed consents to allow the use of their child's photographs for research purposes. Among these patients, 71 fit the criteria for our study, and we were able to obtain suitable photographs for 51 of them. These patients were followed by the Center for an average of 4.5 years (ranging from a single visit to 10 years and 10 months). The resulting study sample of 51 patients was 53% male, 47% female. The age at the time of neurologic evaluation ranged from 1 week to 52 years, with a mean of 9.7 years. Bilateral brain involvement was found on MRI of 7 patients (14%). For the subgroup of subjects age 6 years and older at the time of neurologic score (n = 21), the age at the time of MRI that was scored for this study ranged from 4 years to 52 years, with a mean of 19.9 years. The total average skin scores obtained using the traditional trigeminal nerve distribution system were almost identical to the scores obtained using the embryonic facial vasculature distribution system, with a Spearman correlation coefficient between the 2 scores of r = 0.97 (P < .001). Therefore, we focused on the analysis of results obtained using method 2.
There was moderate agreement between the 3 raters, with the following values: left facial total score k = 0.43 (moder- Figure 2 shows the Spearman coefficients for the correlation between the MRI score and the skin score for the totality of the left and right side, as well as for placode 1 on each side.
The distribution of clinical severity scores and corresponding total skin scores is shown in Figure 3 (n = 21) . The correlation under linear regression resulted in R-squared of 0.27 with P = .015. Using the groupings described above and using 1-sided Fisher exact test, the size of facial PWB is positively associated with clinical severity rating, with P = .032. More specifically, skin scores less than 12 occurred in patients with clinical severity scores ranging from 0 to 8. However, skin scores of 12 and above were associated with clinical severity scores of 6 and above, indicating that patients with large PWB tend to have greater neurologic dysfunction. The same result was obtained for analysis using method 1 for scoring the extent of PWB. The hierarchical multiple regression yielded R-squared of 0.507 for model 1 (independent variable: MRI score, dependent: neurologic score) and 0.606 for model 2 (independent variables: MRI score, skin score, dependent: neurologic score). The difference in R-squared, .099, means that the predictive power of the model increased by 9.9% with the addition of the skin score as a predictor in addition to the MRI score.
In addition, we identified patients with a special pattern of distribution in the frontonasal prominence, occupying a particular portion of placode 1, as they did not appear to conform to the general trend described above. An example of the pattern is shown in Figure 4 . This pattern was found in 5 of our patients. Patients had relatively small PWB involving the glabella or extending onto the nose (total skin score of 1-3), and yet they had high MRI abnormality scores (10) (11) (12) (13) (14) , and high neurologic dysfunction scores (5) (6) (7) (8) . More specifically, all patients had high hemiparesis scores (3-4), indicating significant and severe fine and gross motor impairments, but variable seizure (0-3) and cognitive function scores (0-3). The MRI findings indicated involvement of the left hemisphere in 3 of these patients (MRI scores ranging from 10 to 14), right hemisphere in 1 patient (MRI score of 14), and bilateral involvement in 1 patient (MRI score of 14). All 5 of these patients were under age 6 years at the time of their neurologic evaluation; hence they were not taken into consideration when establishing the relationship between clinical severity scores and total skin scores as reported above.
Discussion
Our study demonstrates that the size of facial PWB involved on each side of the face, in subjects known to have SWS brain involvement, correlates positively with ipsilateral size and severity of brain involvement seen on brain MRI. Furthermore, in these subjects, age 6 years and older, the greater extent of facial PWB was associated with more severe neurologic impairment. Using the size of facial PWB, in addition to the degree of brain involvement on MRI, in assessing a patient's eventual neurologic outcome increases predictive value by a substantial amount (9.9%), and can be done without the need for invasive or expensive testing.
Up to this point, the emphasis in the literature has been on demonstrating how the pattern and extent of facial portwine birthmark in undiagnosed infants relates to the likelihood of developing SWS brain or eye involvement. That is a different question from the one investigated here. The focus of our study (that is, determining how the extent of the birthmark is associated with neurologic outcome) is becoming more relevant now as more treatment options are becoming available and more treatment trials are being designed. Based on these data, the extent and pattern of the birthmark in presymptomatic infants with known SWS brain involvement will be one of the criteria used to select infants at high risk for developing seizures and a poor outcome.
It is perhaps not entirely surprising to those clinicians who see many of these patients that greater extent of PWB would be associated with greater brain involvement and worse neurologic outcome. However, it is important to demonstrate this association and provide this data for clinicians who may see only a handful of these patients over the course of their career. Furthermore, these results do not support the use of the PWB score instead of an appropriate MRI evaluation, but rather in addition to it.
It has been previously noted that those with no facial PWB at all, but with SWS brain involvement (about 6%-7%), [10] [11] [12] have 
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Volume 188 later onset of seizures and better neurologic outcomes, suggesting that the brain involvement is different in those patients than in those with facial PWB. We have 2 hypotheses to explain our findings and the cases of patients with no PWB. One potential explanation is that a somatic mutation that occurs earlier in the process of development could lead to greater skin involvement and additional cell types involved in both the skin and the brain, increasing the eventual severity of the syndrome. Another possibility is that the presence of the PWB has a psychological effect on the development and learning of affected patients, intensifying the brain changes associated with the syndrome. Regardless of the reason, patients with extensive bilateral PWB involvement and brain involvement are at particular risk of severe neurologic outcomes, and close monitoring and aggressive treatment should be considered in their management.
The results of this study for scoring the extent of PWB, one based on the distribution of the trigeminal nerve, and another based on the embryonic facial vasculature distribution, were almost identical. The difference in those 2 methods is subtle, and, with our nonstandardized view of the patient's face on photographs supplied by families, differences may not be able to be fully appreciated. However, our result supports the theory that the developing facial vasculature may dictate the extent of a PWB. 2 Furthermore, the special frontonasal distribution described above resembles an area commonly occupied by infantile hemangiomas, 13 further corroborating the vasculaturebased distribution theory.
An exception to the general pattern of correlation between the size of PWB and the severity of neurologic disease, as described above, is the frontonasal prominence PWB. Those patients had relatively small PWB in the middle of their foreheads, and yet they had high MRI abnormality scores, and high neurologic dysfunction scores, indicating significant neurological impairment. This specific PWB pattern has been described previously as a distribution associated with high risk for SWS. 2, 14 It is hypothesized that the embryologic origin of the frontonasal prominence is the prosencephalon and mesencephalon. Malformations of these critical embryonic structures during development could result in severe abnormalities in the cerebral cortex and eye. Our patients with this pattern of PWB had high hemiparesis scores, indicating significant and severe fine and gross motor impairments; this suggests possible motor cortex involvement.
One significant limitation of the study is the variability of facial position and quality in the photographs of our patients, which were supplied by patients' families and, therefore, are not standardized. The borders of the area of the PWB were visually approximated by the rater from the image. Although there is a degree of subjectivity to these approximations, the subjectivity was partially resolved with the use of 3 independent raters whose scores were averaged, with good interrater reliability. A future study should be set up using standardized photographs of patients from multiple angles taken during clinic visits.
In conclusion, we have shown that it may be helpful to use the size of facial PWB to guide expectation of eventual neurologic disease severity (after the age of 6 years) in patients with SWS with brain involvement, especially when combined with the results of brain MRI. Patients with extensive facial PWB, and those whose birthmarks have the frontonasal distribution, are at risk of severe neurologic dysfunction, and should be followed closely over time. Our results are almost identical when analyzing the size of PWB using the trigeminal nerve dermatomes and the distribution of embryonic facial vasculature, which supports the theory that it may be the developing facial vasculature that determines the extent of a PWB. ■ Table. Scoring system for the evaluation of clinical severity of the syndrome in each patient 8 
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